Monte Carlo simulations for interaction processes of low energy (23-25 keV) X-ray photons, which are commonly used in mammography examinations, are presented in this paper. The contribution of scattered radiation to the total dose is determined using scattering factor and the influence of scattered radiation for measurements with Si detector is investigated. Modelling results are compared with the results of experimental in vitro measurements using a phantom.
Introduction
Certain amount of energy, which is characterized as absorbed dose, is transferred to the tissue during interaction processes of X-rays with biological structure. Absorbed dose is the main parameter defining radiation risk for the induced lethal cancer [1] [2] [3] . Keeping this dose as low as reasonably achievable [4, 5] or reducing it during medical examinations, is one of the most important problems in diagnostic radiology. It is impossible to measure absorbed dose in biological structure directly [6] . This dose can be recalculated using measured or simulated entrance surface dose (ESD) or entrance surface kerma (ESAK), X-ray spectrum parameters and applying different conversion factors, which are measured or simulated by Monte Carlo calculations. Due to this reason, ESD or ESAK are highly sensitive to the methods of the evaluation and depend strongly on the reliability of the results of calculations.
This work is focused on the investigation of interaction processes of low energy (23-35 keV) X-ray photons, which are used in mammography screening examinations. Mammography screening is preventative measure for detecting early stage cancer in the patient breast.
Usually ESAK and half value layer (HVL), which corresponds to the attenuation of X-rays entering interaction surface, are derived using ionization chamber.
Detector is placed at the characteristic point in exposure field without any presence of patient. ESAK values are calculated according to measured tube output, i. e. air kerma (mGy) relative to the tube loading (tube current and exposure time product, mA s).
Solid state thermoluminescent detectors [7] , optically stimulated luminescent detectors [8, 9] , and semiconductor devices [10] can be an alternative to ionization chambers for dose measurements. Measurement of ESD in vivo during mammography examinations when detector is positioned on the skin surface of the patient is complicated. It depends on the choice of registration method and measuring device, because every detector placed in between X-ray tube and examined organ or tissue is "visible" on X-ray image and can influence the evaluation of cancer cell clusters. Application of optical stimulated luminescence (OSL) dosimetry using Al 2 O 3 :C detector for in situ dose measurements reported in [8] seems to be very promising, but needs more detailed investigation.
Measurements of ESD in vitro are performed when detector is placed on the phantom surface. Measured ESD includes the contribution of backscatter radiation expressed in terms of backscatter factor (BSF): [6, 11, 12] . They have been approved and now are recommended for the use in mammography practice [6, 13] . Despite of fact that semiconductor devices are used for in vitro phantom measurements [4] , the contribution of backscattered radiation to the dose absorbed in semiconductor detectors is not investigated sufficiently.
The aim of this work is to simulate X-ray interaction processes with PMMA (polymethylmethacrylate) phantom in the presence of Si detector, to evaluate contribution of scattering dose to estimated ESD values, and to compare modelling results with the results of experimental in vitro measurements.
Empirical models to describe scattering processes during low energy photon interactions with matter
When low energy (23-35 keV) X-ray photons interact with matter, three interaction processes are dominant: photoelectric effect, coherent (Rayleigh) scattering, incoherent (Compton) scattering. We would like to discuss only scattering processes in this paper due to the important contribution of these processes to the ESD.
Coherent (Rayleigh) scattering
Coherent or Rayleigh scattering is the process by which photons are scattered without excitation of target atoms, i. e. the energies of the incident and scattered photons are the same. The scattering is qualified as "coherent" because it arises from the interference between secondary electromagnetic waves coming from different parts of the atomic charge distribution.
The atomic differential cross-section per unit solid angle Ω = (θ, φ) for coherent scattering is given approximately by [14] :
where F T (q) is the atomic form factor [15] , given as
with the stoichiometric index of the ith element p i , atomic number Z i , and momentum transfer q when a photon with the energy k is scattered by polar scattering angle θ:
The quantity r 0 is the classical electron radius. Equation (2) is adequate for photons with the energy well above the K absorption edge of target material. Nevertheless, at the higher energies where anomalous scattering effects become significant, coherent scattering is much less probable [16] than photoelectric absorption.
Incoherent (Compton) scattering
In Compton scattering, a photon with the energy k interacts with an atomic electron, which absorbs it and re-emits secondary (Compton) photon of energy k in the direction Ω = (θ, φ) relative to the direction of the original photon.
The Feynman diagram for the Compton process is presented in Fig. 1 . The circle in the line of the incoming atom A indicates that the electron is initially bound to the atom and represents the probability that an atomic electron with a four-momentum p = (E, p) interacts with the incoming photon with four-momentum
Following this scattering model, which includes binding effects and taking into account Doppler broadening, the incoherent scattering cross-section, differential in the photon scattering angle can be written as [17] 
where X KN is Klein-Nishina function [18] and S(k, cos θ) can be identified as incoherent scattering function:
with Z i as an occupational number of the shell i, U i as a binding energy,
and J i (p z ) as one-electron shell Compton profile. Presented empirical models for the description of coherent and incoherent scattering events were used for modelling of photon interaction processes with matter and for the evaluation of the influence of scattering radiation to energy transport processes.
Materials and methods

Simulation with EGSnrc code system
Low energy X-ray photon interactions with matter were simulated using EGSnrc code system [19] , modified according to the models described above. Individual photon histories were simulated and the history of each photon was followed until either all of its energy was transferred to electrons or it was absorbed locally. It was assumed that 10 7 photons having energies increasing in 1 keV increments from the range of 1-35 keV in parallel beam, cross the mammography unit compression paddle and interact with a detector, which is centrally placed on PMMA phantom of variable thickness. In Monte Carlo simulations phantom represented the female breast. Variations of phantom thickness introduced changes in the distance from the radiation source to the active detector surface. The space between focal spot of X-ray tube in mammography unit and imaging plate was divided into the areas. Division of the phantom area with the detector on its surface into zones according to the different densities and compositions of presented materials enabled to determine doses in each zone. Monte Carlo calculations were performed within cylindrical geometry (Fig. 2) .
Polyenergetic X-ray photon spectra were processed using IPEM 1997 Spectrum Processor [20] for different X-ray tube potentials from the range of 23-32 kV, assuming the attenuation of the beam by 1 mm Be window of the tube, 0.03 mm Mo filter, and 3 mm thick polymethylmethacrilic compression paddle of mammography unit, when the tilting angle of Mo anode of the tube was 16 • . Processed X-ray spectra were used as an input data in user code DOSnrc [21] for the calculation of total dose and dose caused by scattering events according to the model described above. It was assumed that the photon beam was parallel to z axis in the central zone of interaction. Dose calculations were performed for Si and LiF detectors. 
In vitro dose measurements using silicon detector
Experimental measurements were performed with "Instrumentarium Imaging" X-ray mammography unit "ALPHA RT" using Mo / Mo anode / filter combination. The tube potential ranged from 23 to 35 kV. A screen-film system "Kodak Min R2" was used for the imaging.
Entrance surface dose was measured using Si detector (UNFORS Mamo, calibrated 2005 02 24 at UNFORS laboratory), which was placed laterally centred 60 mm from the chest wall side (as required in European Protocol on Dosimetry in Mammography [6] ) on the top of the exposed PMMA phantom. PMMA phantom with a surface area of 240×150 mm 2 was combined to various thicknesses ranging from 20 to 80 mm and was used to simulate patient's breast thickness during mammography examinations. Experimental geometry is presented in Fig. 3 .
Automatic exposure mode AEC of mammography unit was chosen to keep routine conditions in mammography screening, where the tube loading depended on compressed breast thickness, and the radiation output of the equipment varied linearly with the indicated tube loading for a given tube current and focal spot size [7] . Tube peak voltage, tube loading, and phantom thickness in each measurement were recorded together with detector readings of entrance surface dose and dose rate. Energy corrections for measured doses were performed according to the recommendations provided by Si detector manufacturers.
Results and discussions
Molybdenum is commonly used as a target material in X-ray mammography units in order to achieve the required radiographic contrast in the soft tissue of the female breast. X-ray spectra are dominated by molybdenum K line energies of 17.38 keV (K α2 ), 17.49 keV (K α1 ), 19.61 keV (K β1 ), and 19.96 keV (K β2 ) [20] . The use of molybdenum filters (Mo / Mo combination) enhances the effects attenuating photons with the energies below about 10 keV and above 20 keV.
Polyenergetic X-ray molybdenum spectra attenuated by 1 mm beryllium, 0.03 mm molybdenum filter, and 3 mm polymethylmethacrylate compression plate are processed for different tube potentials in the case of the constant source detector distance, corresponding to the "standard" PMMA phantom thickness (45 mm) as it is shown in Fig. 4 .
Variations in the shape of processed spectra are caused by interaction processes, when X-ray photons of different energy enter attenuating materials. Inclusion of the photon attenuation by compression paddle makes it possible to smooth the differences in dose simulations, caused by photon scattering from areas other than the phantom or detector area. The first half value layer (HVL) in mm of Al calculated for attenuated photon beam at the different tube potentials is presented in the Table 1 .
The results of present calculations are very similar to those referred by Jansen, Dierker, and Zoetelief [22] and differ only within 2.5−5.2%. Some of the X-ray photons from generated low energy spectra are scattered when they interact with a target material. According to the results published by different authors [23, 24] the scattered radiation in mammography contributes to the total registered radiation with 40−80%. Backscattering directions of approximately 180 • and 90 • dominate for low energy photons. Two parallel scattering processes contribute to the total absorbed dose in detector: backscattering from the phantom surface and scattering in detector material. Monte Carlo simulated total doses, calculated in accordance with the model described above, for Si detector are presented in Fig. 5 , and the scattering doses related to Compton scattered photons are given in Fig. 6 .
The influence of phantom thickness on the scattered fraction of photons is not significant in the case of "thick" Si detector. Scattered fraction of Compton photons increases nearly uniformly with the increase of tube voltage, which is directly related to the energy of photons, and contributes to the increased total dose. Scattering dose reflects the contribution of photons scattered in detector material without significant contribution of photons scattered from PMMA phantom.
Some differences can be outlined when analysing the Monte Carlo calculated doses for LiF detector as it is shown in Figs. 7 and 8 .
The values of Monte Carlo calculated doses for different phantom thicknesses are spread within the interval between the maximum and minimum doses for the range of applied tube potentials. Dose variations depend on the electronic structure of LiF and the sensitivity of photon registration mechanism. On the other hand the small size of LiF detector 3.2×3.2×0.9 mm 3 as compared to volume Si detector corresponds to the increased number of photons backscattered from PMMA phantom that enter the detector surface. The contribution of scattered radiation to the total doses is expressed as a scattering factor (SF):
where TD is total dose, SD is scattered dose. Scattering factors derived from Monte Carlo calculations for different X-ray beam attenuations are given in Table 2 for Si and LiF detectors respectively. Evaluated scattering factor for LiF is comparable with the data for backscattering factor stated by other authors [22, 25] , as it is shown in Figs. 9 and 10 .
Scattering factor values approximated from our Monte Carlo calculations are slightly higher and differ within 10% from the values used for calculations of the in-breast absorbed doses in mammography [6] . The differences can be explained taking into account that BSF is calculated for the ESD and SF is recalculated from total dose, absorbed in LiF, which includes not only scattered photon fraction from the PMMA surface but additionally small fraction of Compton scattered photons in the detector material.
Photons scattered in the detector volume contribute significantly to the total absorbed dose in the case of the "thick" and less dense Si detector (ρ(Si) = 2.33 g/m 3 , ρ(LiF) = 2.64 g/m 3 ), as it can be assumed from the Table 2 . The dose absorbed in air at the detector surface will be different as compared to the dose absorbed in the volume. Calculations show that division of total absorbed dose by scattering factor in the case of thick Si detector gives the values (Fig. 11) , which are in good agreement with the absorbed doses in air measured with the same detector. ESD measurements were performed during irradiation of phantoms of different thicknesses at mammography unit when AEC system was used (Fig. 12) .
The results discussed above show that it is possible to use Si detector instead of LiF for the ESD measurements on phantom surface when the scattering effects in detector volume are taken into account.
Conclusions
Using modified model of photon interaction processes with matter, presented in this paper, Monte Carlo dose calculations are being performed with the purpose to evaluate the influence of scattered fraction to the total dose absorbed in the phantom of variable thickness. It is shown that the contribution of scattered radiation expressed in terms of scattering factor derived from Monte Carlo calculations is comparable to the results stated by other authors for LiF detector. The differences in backscattering factor values within 10% comply with the recommendations of European Protocol on Dosimetry in Mammography [6] for the uncertainty limits.
When Si detector is used instead of LiF for the dose measurement on the phantom surface, scattering effects in detector volume should be taken into account. After correction of calculated dose by scattering factor in detector material, measured and calculated doses show the same increasing tendency with increasing phantom thickness.
It is suggested that the correction of the calculated dose values by scattering factor, which is evaluated using the same simulation model as in the case of LiF, makes it possible to use Si detector for phantom measurements and for the further estimation of patient doses absorbed in glandular tissue of the breast during mammography examinations. 
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